Autism spectrum disorder (ASD) has been postulated to involve impaired neuronal cooperation in large-scale neural networks, including cortico-cortical interhemispheric circuitry. In the context of ASD, alterations in both peripheral and central auditory processes have also attracted a great deal of interest because these changes appear to represent pathophysiological processes; therefore, many prior studies have focused on atypical auditory responses in ASD. The auditory evoked field (AEF), recorded by magnetoencephalography, and the synchronization of these processes between right and left hemispheres was recently suggested to reflect various cognitive abilities in children. However, to date, no previous study has focused on AEF synchronization in ASD subjects. To assess global coordination across spatially distributed brain regions, the analysis of Omega complexity from multichannel neurophysiological data was proposed. Using Omega complexity analysis, we investigated the global coordination of AEFs in 3-8-year-old typically developing (TD) children (n = 50) and children with ASD (n = 50) in 50-ms time-windows. Children with ASD displayed significantly higher Omega complexities compared with TD children in the timewindow of 0-50 ms, suggesting lower whole brain synchronization in the early stage of the P1m component. When we analyzed the left and right hemispheres separately, no significant differences in any time-windows were observed. These results suggest lower right-left hemispheric synchronization in children with ASD compared with TD children. Our study provides new evidence of aberrant neural synchronization in young children with ASD by investigating auditory evoked neural responses to the human voice.
Introduction
Autism spectrum disorders (ASD) appear in infancy or early childhood, causing delays or impairments in social interaction, communication, and a restricted range of interests. Altered auditory processing systems in children with ASD have been studied as neurological correlates of some phenotypes in ASD, such as inhibited language acquisition [1] [2] [3] [4] [5] [6] [7] [8] and auditory hypersensitivity [9] [10] [11] , and previous studies that have focused on auditory responses of the brain have also demonstrated altered cerebral laterality [2, 5, 6] and regional connectivity [12] in children with ASD. These studies have indicated alterations in cortical auditory processes in ASD [1, 2, 4, 5, 9, 10] , whereas increased rates of brain stem or peripheral hearing dysfunction have also been reported in the ASD population [13] [14] [15] [16] [17] [18] [19] [20] .
Magnetoencephalography (MEG) is a non-invasive neuroimaging technique that provides measures of cortical neural activities at a millisecond time scale. In the last decade, MEG has emerged as an important investigatory tool in neurodevelopmental studies because MEG has advantages over other neuroimaging techniques for young children, including safety, fewer constraints and less environmental noise. Using MEG, many recent studies have observed aberrant brain activities in children with ASD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [21] [22] [23] [24] [25] [26] [27] [28] [29] by investigating brain connectivity [26, [28] [29] [30] or atypical brain responses to auditory stimuli [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [21] [22] [23] [24] [25] .
Auditory evoked field (AEF) is a brain response to auditory stimuli recorded by MEG and the equivalent of auditory evoked potential recorded by electroencephalography (EEG). AEFs recorded by MEG can clearly and easily distinguish bilateral brain responses evoked by binaural auditory stimuli. Thus, any unilateral abnormality or hemispheric difference can be accurately investigated by MEG [2] . The earliest cortical component of AEFs (i.e., P1m shown in Fig 1) is a prominent component in 1-to 10-year-old children [23, [31] [32] [33] . In previous MEG studies, this component has been alternatively labeled M50, P50m or P100m. To avoid confusion, we call this component "P1m" in this study. The second earliest cortical component of AEFs is N1m. In previous MEG studies, this component has been alternatively labeled M100 or N100m; we here call this component "N1m." The main sources of the P1m and N1m are the auditory cortex and association cortices, and abnormalities in AEF components have been reported in patients with ASD [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [21] [22] [23] [24] [25] . Although many prior studies have focused on the aberrant intensity or latency of AEF components in children with ASD, no investigations have focused on the bilateral synchronization of AEF components in children with ASD.
Reports have indicated that in addition to alterations in cortical auditory processes, the ASD population exhibits increased rates of brain stem or peripheral hearing dysfunction [13] [14] [15] [16] [17] [18] [19] [20] . Dysfunctions in both peripheral and central auditory processing also distort the cortical bilateral synchronization of AEF components. The main aim of this study was to investigate the nature of bilateral brain synchronization of AEFs in TD children and children with ASD. In the present study, we employed a child custom-sized MEG system for AEF measurements and Omega complexity analysis [34, 35] to estimate the degree of whole brain synchronization.
Materials and Methods Participants
The clinical group consisted of 50 children with ASD (39 males, 11 females), aged 38-92 months, and recruited from the Kanazawa University Hospital and prefectural hospitals in Toyama. Children were diagnosed by a clinical psychiatrist and a clinical psychologist with more than 5 years of experience in ASD using the Autism Diagnostic Observational ScheduleGeneric (ADOS) [36] , the Diagnostic Interview for Social and Communication Disorders (DISCO) [37] , the Kaufman Assessment Battery for Children (K-ABC) [38] , and DSM-IV [39] criteria at the time of MEG and data acquisition. All ASD children included in this study fulfilled the diagnosis of childhood autism (n = 33), atypical autism (n = 9) or Asperger's syndrome (n = 8) with DISCO. The controls were 50 typically developing children (39 males, 11 females) aged 36-97 months with no reported behavioral or language problems. The control children were approximately age-matched to the subjects with ASD. All typically developing participation in the study with full knowledge of the experimental nature of the research. All participants were the same sample as in our previous study [28] . The raw scores of the K-ABC subtests in the TD children and the children with ASD are shown in S1 Fig. Based on the children's assent, written informed consent was obtained prior to participation. The Ethics Committee of Kanazawa University Hospital approved the methods, and all procedures were performed in accordance with the Declaration of Helsinki.
Magnetoencephalography recordings
The conditions used were similar to those detailed in our previous study [2, 40, 41] . The MEG data were recorded using a 151-channel SQUID (Superconducting Quantum Interference Device) whole-head coaxial gradiometer MEG system for children (PQ 1151R; Yokogawa/KIT, Kanazawa, Japan) in a magnetically shielded room (Daido Steel, Nagoya, Japan) that was installed at the MEG Centre of Yokogawa Electric Corporation (Kanazawa, Japan). The custom-sized MEG system facilitates the measurement of brain responses in young children, which would otherwise be difficult to measure using conventional adult-sized MEG systems. The child MEG system ensures that sensors are easily and effectively positioned within the range of the brain and that head movement is constrained [42] . An examiner remained in the room to encourage the children and prevent movement throughout the analysis. Stimuli were presented while the children lay in the supine position on the bed and viewed silent video programs projected onto a screen.
Auditory evoked field stimuli and procedures
MEG recordings were obtained from all participants during auditory syllable sound stimulation that consisted of the Japanese syllable /ne/ [40] . We employed this syllable because /ne/ is one of the Japanese final sentence particles that carry prosodic information [43, 44] . The syllable /ne/ is often used in Japanese mother-child conversations and expresses the speaker's request for acknowledgement or empathy from the listener [45, 46] . In the present study, we used typical oddball sequences consisting of standard stimuli at a rate of 83% (456 times) and deviant stimuli at a rate of 17% (90 times). In the standard stimulus, /ne/ was pronounced with a steady pitch contour, whereas in the deviant condition, /ne/ was presented with a falling pitch. Eventually, we adopted standard stimuli for subsequent Omega complexity analysis because a sufficient number of periods (i.e., 200 periods) were necessary for averaging to yield clear AEF waveforms after the rejection of artifacts in all children. A female native Japanese speaker produced the /ne/ sounds, which were presented using a condenser microphone (NT1-A; Rode, Silverwater, NSW, Australia) on a personal computer. As shown in Fig 2, the duration of the stimulus was 342 ms, and the duration of the consonant /n/ was 65 ms. In this study, we defined the time point of 50 ms after stimulation onset as 0 ms. The interstimulus interval (ISI) was 818 ms. Both stimuli had a level of approximately 65 dB (A-weighted) against a background noise of 43 dB, which was measured with an integrating sound level meter (LY20; Yokogawa, Tokyo, Japan). The stimulus was presented to participants binaurally through a hole in the MEG chamber using speakers (HK195 Speakers; Harman Kardon, Stamford, CT) that were placed outside of the shielded room. The duration of the recording was 12 minutes.
AEF acquisition and analysis
The participant's head was placed in a whole-head Dewar that contained 151 concentrically arranged magnetic sensors. The MEG data were acquired at a sampling rate of 1000 Hz, filtered using a 200 Hz low-pass filter and resampled at 500 Hz. The time series obtained started from the onset of the syllable stimulus at -50 ms and continued to 800 ms, and subsequent 200 segments (for standard stimuli) were averaged for each of the sensors after baseline correction (-50 to 0 ms) ( Fig 1A) . Segments that were contaminated with artifacts (eye-blink, and eye and body movements, typically more than ± 4 pT) were excluded from the analysis.
Root mean squares in AEF for the whole head
To investigate the magnitude of AEFs in every time-window of 50 milliseconds, root mean squares (RMS) were calculated from the magnetic strength recorded by 151 sensors for each time-window. RMSs of TD children and children with ASD were compared with unpaired two-tailed t-tests for each time window. In the present study, we focused on 16 time windows (i.e., 0-50, 50-100, 100-150, 150-200, 200-250, 250-300, 300-350, 350-400, 400-450, 450-500, 500-550, 550-600, 600-650, 650-700, 700-750, and 750-800 ms). To adjust the significance level for the 16 time-windows, we used the Bonferroni correction and defined statistical significance as P < 0.0031.
Root mean squares in AEF for the left and right hemispheres
To investigate the magnitude of AEFs in the left and right hemispheres, RMSs were also calculated from 40 sensors corresponding to both the left and right hemisphere ( Fig 3A) . RMSs of TD children and children with ASD were compared with unpaired two-tailed t-tests for 16 time windows. To adjust the significance level for multiple time-windows, we used the Bonferroni correction and defined statistical significance as P < 0.0031 for both the left and right hemisphere. 
AEF topography
As a complementary analysis, unpaired two-tailed t-tests were used to compare the magnitudes of AEFs in TD children and children with ASD for each of 151 sensors in each of 16 time windows. To adjust the significance level for these 16 time windows, we used the Bonferroni correction and defined a statistical significance threshold of P < 0.0031.
Omega complexity in AEFs for the whole head
Off-line analysis of the MEG data was performed with the Brain Vision analyzer (Brain Products GmbH, Gilching, Germany) and Matlab (MathWorks, Natick MA). We employed Omega complexity analysis [34, 35] to estimate the degree of whole brain synchronization during auditory evoked responses in every 50-ms time-window. Omega complexity is a single-value measure of the complexity of multichannel brain magnetic field data (in the following, K denotes the number of channels). The multichannel MEG data are viewed as a series of momentary maps. The trajectory of these maps over time forms an object in K-dimensional state space. Omega complexity evaluates the complexity of the data in the state space by examining the shape of this object, i.e., its extension along its principal axes. The computation of Omega complexity is based on a decomposition of the data into spatial principal components. In the present study, using 151-sensor data, a symmetrical 151 × 151 covariance matrix for all pairs of sensor for each time window was constructed. Principal component analysis of this covariance matrix yielded eigenvectors and eigenvalues (λ). The former represent the directions of principal axes in state space, and the latter represent the proportions of contribution of the respective components to the total variance. In the sense of state space representation, the vector of a principal component represents the spatial distribution, i.e., its topography, so that the respective eigenvalue represents the contribution of the topography to the total variance. To assess the relative contributions, the eigenvalues were normalized to the unit sum. The value of omega was calculated using the following equation:
in which λ 0 i is the normalized eigenvalue of the i-th principal component. Omega thus assesses the shape of the distribution of the spectrum of eigenvalues. An omega of 1 indicates a degenerate spectrum of eigenvalues, i.e., maximal synchronization of the signals at all locations. The highest complexity, omega = K, indicates a uniform distribution of eigenvalues, i.e., no correlation between any of the signals.
To estimate the degree of whole brain synchronization in AEFs in every 50-ms time-window, Omega complexity was log-10 transformed to obtain a normal distribution. The omega complexities of TD children and children with ASD were compared with unpaired two-tailed t-tests for each time window. To adjust the significance level for multiple time-windows, we used Bonferroni correction and defined statistical significance as P < 0.0031 for the 16 time-based comparisons.
If there was a significant difference in Omega complexity between the two groups (i.e., TD and ASD) even after the alpha level was adjusted, a complementary analysis was added to consider the three distinct subtypes of ASD (i.e., Asperger syndrome, and atypical and typical autism). One-way ANOVA of the four groups (i.e., TD, Asperger syndrome, and atypical and typical autism) was performed. Statistical significance was defined as P < 0.05. If there was a significant group effect in Omega complexity, a post-hoc t-test (unpaired) was performed, in which a Bonferroni correction was used. We defined statistical significance as P < 0.0083 for post-hoc comparisons (6 comparisons).
Omega complexity in AEFs for the left and right hemispheres
To estimate the degree of brain synchronization in AEFs in the left and right hemispheres, Omega complexity was also calculated from 40 sensors corresponding to the left and right hemispheres (Fig 3A) . The log-10 transformed Omega complexities of TD children and children with ASD were compared with unpaired two-tailed t-tests for the 16 time windows. To adjust the significance levels for multiple time-windows, we used the Bonferroni correction and defined statistical significance as P < 0.0031 for both the left and right hemispheres.
Effects of age and cognitive ability on Omega complexity
To investigate the effects of age and cognitive ability (as assessed using the K-ABC mental processing scale) on the log-transformed Omega complexity, we calculated Pearson correlation coefficients between the transformed Omega complexity and each of these two factors. To adjust the significance level for the 16 examined time windows, we used the Bonferroni correction and defined a statistical significance threshold of P < 0.0031 for TD children and children with ASD.
Results

Root mean squares in AEFs for the whole head
As shown in Fig 4, although children with ASD tended to display lower RMSs compared with TD children during 0-500 ms, no significant differences were observed in any time-windows (P > 0.0031). 
Root mean squares in AEFs for the left and right hemisphere
In the left hemisphere, as shown in Fig 4B and 4C , although children with ASD tended to display higher RMSs compared with TD children during 500-700 ms, no significant differences were observed in any time-windows (P > 0.0031). In the right hemisphere, as shown in Fig 4D  and 4E , although children with ASD tended to display lower RMSs compared with TD children during 200-600 ms, no significant differences were observed in any time-windows (P > 0.0031).
AEF topography
As indicated in Fig 5, TD children (Fig 5A) and children with ASD (Fig 5B) exhibited similar AEF topographies. No significant difference in any sensor was observed in any time window (P > 0.0031 for all comparisons).
Omega complexity analysis in AEFs for the whole head
As shown in Fig 6A and 6B , children with ASD exhibited significantly higher Omega complexities compared with TD children in the time-window of 0-50 ms (t = 3.90, P = 0.0002). As shown in Fig 6C, the time-window of 0-50 ms where significance was observed included the beginning of the P1m component. No significant differences in any other time-windows were observed (P > 0.0031) (S1 Dataset).
As a complementary analysis considering the three distinct subtypes of ASD, one-way ANOVA of the four groups (i.e., TD, Asperger syndrome, and atypical and typical autism) was performed for the time-window of 0-50 ms, where significance was observed; there was a significant group effect (df = (3), F = 5.319, P = 0.0020). The post-hoc t-test revealed a significant difference only between the TD and typical autism groups (TD < typical autism; df = (81), t = 3.742, P = 0.0003), whereas no significant differences were found in other group pairs (P > 0.0083).
Omega complexity in AEFs for the left and right hemisphere
In the left hemisphere, as shown in Fig 7A and 7B , although children with ASD tended to display lower Omega complexities compared with TD children during 500-700 ms, no significant differences were observed in any time-windows (P > 0.0031). In the right hemisphere, as shown in Fig 7C and 7D , although children with ASD tended to display higher Omega complexities compared with TD children during 200-500 ms, no significant differences in any time-windows were observed (P > 0.0031).
Effects of age and cognitive ability on Omega complexity
As indicated in Table 2 and Fig 8B, age significantly affected Omega complexity in the 250-300 ms time window for TD children (P < 0.0031), and no significant correlations were observed in any other time window (P > 0.0031 for all windows) (Fig 8A) . In both groups, no significant correlations between K-ABC mental processing scale score and Omega complexity were observed in any of the time windows.
Discussion
The present study is the first study to demonstrate atypical bilateral brain synchronization in the early stage of human voice auditory processing in young children with autism. Our custom-sized MEG system for children enables us to analyze bilateral AEFs simultaneously, which would otherwise be difficult to measure using conventional adult-sized MEG systems.
Conventional whole-head MEG systems have fixed sensor arrays designed to accommodate most adult heads. However, arrays optimized for adult brain measurements are suboptimal for research with the significantly smaller heads of young children (i.e., the long distances between the brain and sensors considerably attenuate magnetic strengths). After the development of the child custom-sized MEG in 2010 [42] , researchers could investigate whole brain activity in young children (e.g., 3-7 years old) [2, 29, 30, 40, 41, 47, 48] , and the present study is the first to investigate interhemispheric brain synchronization in AEFs in young children with ASD.
As shown in Fig 6A and 6B , children with ASD exhibited significantly higher Omega complexities compared with TD children in the time-window of 0-50 ms, which suggests lower whole brain synchronization in the early stage of the P1m component. As indicated in Table 2 , age and cognitive ability did not significantly affect bilateral brain synchronization in this time window. When we analyzed the left and right hemispheres separately, no significant differences between TD children and children with ASD were observed in any time-windows. These results suggest that the lower right-left hemispheric synchronization in children with ASD contributed to the observed lower whole brain synchronization in the early stage of the AEF component (i.e., higher Omega complexity in the whole brain). To investigate the magnitude of AEF that might affect Omega complexity, RMSs were calculated for the magnetic strengths recorded by 151 sensors for each time-window. No significant differences were observed between TD children and children with ASD. Furthermore, sensor-level (i.e., topographical) analysis also failed to demonstrate significant differences between TD children and children with ASD for any sensors in any time window. Therefore, irrespective of AEF strength, the complexity of 151-channel brain magnetic fields in the early stage of P1m is atypical in children with ASD.
Reports have indicated that the ASD population exhibits elevated rates of brain stem or peripheral hearing dysfunction [13] [14] [15] [16] [17] [18] [19] [20] and abnormalities in AEF components (i.e., cortical dysfunction) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [21] [22] [23] [24] [25] . Intriguingly, research has indicated that individuals with ASD may present with peripheral auditory asymmetry [13] , which may distort the cortical bilateral synchronization of AEF components in the central nervous system. Reduced bilateral synchronization in the early stage of the P1m component in children with ASD may reflect peripheral auditory asymmetry and/or decreased interhemispheric cortical connectivity.
Decreased long-range cortical connectivity may also contribute to the lower bilateral synchronization in the early stage of the P1m component in children with ASD, because previous physiological studies suggested that within 40 ms after stimulus onset (before P1m peak), a sound already has an impact on neural activity in other brain regions (e.g., orofacial motor cortex) through the posterior lateral superior temporal and inferior frontal gyrus [49] . Time-windows of 0-50 ms may be not too early to reflect the brain bilateral cortical connectivity.
The main sources of the P1m and N1m are the auditory cortex and association cortices. These cortices process auditory information and are thought to function as a "semantic processor" to deduce the meaning of sounds via learning [50] . In these cortices, sensory bottom-up and attentional top-down processing are closely related [51, 52] ; therefore, in young children, dysfunction in this central system is thought to underlie various learning problems [53, 54] . In the present study, although no children exhibited hearing loss, there were weak correlations Table 2 . Pearson correlation coefficients between Omega complexity in AEFs for the whole head and either age or K-ABC mental processing scale score for children with ASD (n = 50) and TD children (n = 50). between Omega complexity and general cognitive ability (|r| = 0.402) in the time window corresponding to the P1m peak (i.e., the 50-100 ms time window) in TD children. Therefore, lower bilateral synchronization in P1m may be a physiological marker of lower cognitive ability in TD young children but not in children with ASD. These results suggested that auditory cortices play different roles in (or have differing impacts on) cognitive development in TD children and in children with ASD. As indicated in Fig 6A and 6B , children with ASD tended to exhibit higher Omega complexities than TD children in many time windows (such as time windows from 0 to 600 ms), which suggests that the former children exhibit reduced whole brain synchronization relative to the latter children. Our results are consistent with several recent reports of reduced brain hemodynamic synchronization in young children, adolescents and adults with ASD [55] [56] [57] [58] [59] . Two recent studies reported significantly decreased inter-hemispheric synchronization in toddlers with ASD [55] and in adolescents and adults with ASD [56] . Structural imaging has also demonstrated abnormalities in inter-hemispheric long-range white matter pathways. Corpus callosum volume has been used as an index of inter-hemispheric connectivity, and a reduced corpus callosum volume is one of the most replicated structural findings in ASD [60] [61] [62] [63] [64] [65] . A diffusion tensor analysis of the corpus callosum also demonstrated significant microstructural differences between ASD and control groups [63, [66] [67] [68] . Reduced inter-hemispheric connectivity might cause reduced inter-hemispheric synchronization during the auditory information processing observed in the present study.
Further research is necessary to reveal the symptomatological meaning of these reduced inter-hemispheric synchronizations in children with ASD. 
Limitations
The present study had some general limitations. First, we investigated AEFs using only one type of auditory stimulus (the human voice /ne/). Therefore, we cannot determine whether our results are specific to human voice stimuli. Second, a majority of the children with ASD examined in the present study were high-functioning subjects and therefore may not be representative of children with ASD who present with co-morbid language disabilities. Thus, the findings of this study may not apply to children with "Kanner's autism". In addition, further study of each distinct subtype of ASD (i.e., Asperger syndrome, and atypical and typical autism) separately, using larger sample sizes, is necessary because these subtypes potentially result in different cognitive and language performances. Third, this investigation did not control for the socioeconomic statuses or intelligence levels of the examined parents and children. Fourth, we eliminated any contaminated MEG data, such as data obtained when clear head movement occurred. However, differences in the fine head movements of the children with ASD and the TD children could have confounded the study results. Fifth, we investigated AEFs with a short ISI (818 ms); for younger children, the duration of this ISI was insufficient to allow for a return to baseline from a stimulus. Therefore, the observed difference between TD children and children with ASD during an early time window (0-50 ms) could potentially have been caused by differences in sustained components of AEF activities; such differences could have been a confounding factor. Additional studies using longer ISIs are therefore necessary to reduce the effects of the sustained components of AEFs. Sixth, the observed differences in measured Omega complexity may have been related to the different spatiotemporal properties of the video stimuli provided during the recording periods. In addition, we did not evaluate the degree to which subjects focused on the TV program that they selected. Future studies that employ attention-controlled conditions will provide more reliable evidence than the current investigation, although such conditions will likely be difficult to achieve for conscious preschool-aged children. 
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